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, "the first experiment in vegetation undertaken for a scientific purpose" (Sachs 1890), or "'one of the first experiments in modern biology" (Gabriel & Fogel 1955) . Although authorities vary somewhat in scope, there is agreement that Helmont's experiment was a milestone in the history of biology since it marked the start of experimental plant physiology (Morton 1981) . Unfortunately, mention of Helmont's experiment is often about as brief as his original description of it. Helmont's experiment seems simple, but it becomes complex when trying to ascertain the exact methods he used, to explain why he used these particular materials and methods, and to suggest more appropriate experiments for testing his hypothesis. When considered in greater detail, an interesting class discussion can develop.
Original Idea
Helmont's experiment was not necessarily an original idea since Nicholas of Cusa suggested the same experiment in 1450, in the Book De staticis experimentis (Howe 1965) . Nicholas himself may have gotten the idea from a Greek work, Recognitions, dating from the years 200 to 400 (Howe 1965) . Leonardo da Vinci (1452-1519) conducted a similar experiment with pumpkins and reached the same conclusions as Helmont, but his results remained unpublished in his notebooks (Bodenheimer 1958 ).
Helmont's willow experiment was not published until after his death, in Ortus Medicinae (1648). A translation of Helmont's concise description of the experiment follows:
"By this apparatus I have learned that all things vegetable arise directly and in a material sense from the element of water alone. I took an earthen pot and in it placed 200 pounds of earth which had been dried out in an oven. This I moistened with rain water, and in it planted a shoot of willow which weighed five pounds. When five years had passed the tree which grew from it weighed 169 pounds and about three ounces. The earthen pot was wetted whenever it was necessary with rain or distilled water only. It was very large, and was sunk in the ground, and had a tin plated iron lid with many holes punched in it, which covered the edge of the pot to keep air-borne dust from mixing with the earth. I did not keep track of the weight of the leaves which fell in each of the four autumns. Finally, I dried out the earth in the pot once more, and found the same 200 pounds, less about 2 ounces. Thus, 164 pounds of wood, bark, and roots had arisen from water alone." (Howe 1965) . Of course Helmont's conclusion was in error because he did not know that plants absorb mineral elements from the soil and carbon dioxide from the air. Ironically, Helmont is credited with discovering carbon dioxide (Gabriel & Fogel 1955 ) and made significant contributions to chemistry, including the modern concept of gases (Pagel 1982) . His willow experiment was straightforward and is still repeated today, although on a more modest scale, using radishes and 200 g rather than 200 lb. of soil (Dempsey 1990 ).
Wrong Experiment
While justly famous, Helmont's experiment is also notable because although carefully conducted, the conclusions derived from the experiment were wrong because the theory on which it was based was incorrect (Russell 1973; Magner 1979) . Helmont actually conducted the wrong experiment to test his theory that plants are nourished entirely by water. Instead of using soil, Helmont should have used water alone as his root medium, as done in later research, such as John Woodward's 1699 experiments with spearmint grown in rain water (Russell 1973 Helmont's experiment also lacked a suitable control. What control should he have used? An identical container of soil without a plant as a control would have answered the question of whether a change in soil weight might have occurred independent of the plant, possibly due to decomposition of soil organic matter, to leaching of soluble materials from the pot wall, or to dust accumulation, which concerned him since he went to the trouble of using a metal lid for the pot.
Root Separation
A particularly great difficulty faced by Helmont was the process of separating roots from soil. Even today this is nearly impossible because we have basically the same tools as Helmont-hands, trowels and patience. Bits of soil remain adhered to the roots, and pieces of root remain behind in the soil. Students can be asked to try separating roots from soil to demonstrate how difficult it is. One can rationalize for either a net loss or net gain in soil mass due to these processes, depending on the care taken by the investigator. Other potential losses of mass could have occurred during drying or weighing of the soil at the end of the study. Helmont does not provide sufficient detail of his drying and weighing procedures. Was the soil removed from the pot prior to weighing and weighed in small batches, or was the entire container dried and weighed, and the weight of the empty container subtracted? If the latter method was used; chipping of the container during handling may have caused a weight loss. If the former method was used, then losses of soil may have occurred during transfer or incomplete removal of soil from the pot.
Soil Weight Loss
To demonstrate that accuracy of weighing is an important issue, have a student stand on a bathroom scale, with or without 10 quarters in his or her pocket. Ten quarters weigh about two ounces. Have other students look at the scale and try to determine if the student's weight changes by two ounces; they should not be able to detect a change because the scale is not accurate enough. If the student weighs closer to 100 pounds, use five quarters to keep the proportion the same. This demonstration shows that, even today, it is difficult to detect a change in weight of 0.125 pounds (two ounces) in 200 pounds or one part in 1600. The weight change Helmont noted could easily have been less than the accuracy of the balance he used. For comparison, a current scientific supply catalog lists the readability of a 150-pound capacity balance at ?0.05 pounds, and a 1000-pound capacity balance has a readability of only ?0.5 pounds. Helmont's conclusion seemed to imply that the twoounce difference was an experimental error or within the accuracy of his balance, since he attributes growth to just the water. Some modern authors seem to consider that two ounces of soil were accurately determined to have been lost since references to "the missing two ounces of soil" (Russell 1973 
Conclusion
Although seemingly very simple, Helmont's experiment becomes rather complex when trying to determine the exact methods he used, to explain the reasons for his methods, evaluate his sources of experimental error and suggest more appropriate methods for testing his hypothesis. An indepth consideration of Helmont's experiment is an excellent way to teach a number of important aspects of research, including experimental design, execution and analysis.
